Recently, a great attention has been given for applying a low-cost and effective adsorbents instead of expensive and dangerous chemical materials as a promising approach to treat wastewater. In this work, residue powder of brown macroalga Padina gymnospora (RPG), after extracting most of its active components by 70% methanol, was used as an adsorbent material for wastewater treatment. This work also reduces the costs of residue disposal. The adsorption ability of RPG is studied for removing Cd 2þ and Cr 3þ from wastewater. We investigated metal adsorption isotherms and kinetics, the effect of initial metal concentration, contact time, adsorbent dosage, temperature, pH and the RPG reusability on metal ions removal.
Introduction
In the present, modern technology creates considerable amounts of hazardous heavy metals in the aquatic environment. These heavy metals include, for example, Cu 2þ , , Hg 2þ and As 2þ . For examples, the industries of tanneries, metal plating, and mining discharge several contaminated heavy metals like cadmium and chromium into their aqueous waste streams [1, 2] . Generally, heavy metals are very toxic, naturally non-degradable, accumulated in body organisms and uptake of a certain quantities of them cause several illnesses and disorders for living organisms [3] . In this regards, exposure to cadmium causes human cancer, renal damage, and kidney disorder [4, 5] .
Chromium occurs in two forms, hexavalent and trivalent forms. Cr (III) in low doses is a necessary nutrient metal in the human diet [6] . Deficiency of Cr (III) in the human body causes cardiovascular disease, hyperglycemia, and other health effects. On contaminated aqueous solutions by using different adsorbents such as green sands [19] , iron slag [9, 20] , fly ash [21, 22] and waste iron [23] , agricultural byproducts like hazelnut shell, orange peel, rice husk, pecan shells, jackfruit, activated carbon [24, 25, 26] and potato peels charcoal [27] were applied. Interstingly, algal biomass from Spirogyra species [28] , Chlorella Vulgaris [29] , Ulva Lactuca [30, 31] , Oedogonium and Nostoc specieses [32] showed efficient absorbing capacity.
In this work residue of residue of Padina gymnospora (RPG), after the extraction of its photochemicals, was used as an adsorbent material for wastewater treatment.
RPG is selected for many reasons such as, its low-cost, natural and abundant adsorbent. Also, the cost of regeneration and reuse of RPG is inexpensive that may play an important economical role in making this a practical process. In addition, the reuse of RPG as a low-cost adsorbent has a vital role in minimizing the cost of residue disposal. The adsorption ability of RPG is studied for removing Cd 2þ and Cr 3þ from wastewater. In more details, metal adsorption isotherms and kinetics, the effect of initial metal concentration, contact time, adsorbent dosage, temperature, pH and the RPG reusability on metal ions removal were studied by batch experiments.
Experimental

Adsorbent preparation
Padina gymnospora (brown alga) was collected from the Egyptian red sea shores, Washed with tap water several times and then washed several times with distilled water to get rid of salt and granular materials from the surface. After drying the algal material at room temperature, was ground into fine powder by an electrical mill. P.
gymnospora powder was soaked in 70% methanol for three days with continuous shaking at room temperature to extract its active component. After evaporation of the solvent on a rotatory evaporator, the residue powder of P. gymnospora was dried at room temperature and saved in airtight plastic bags to be used as a natural adsorbent in wastewater treatment.
Biosorbent characterization
The residue algal biomass is characterized before and after metal ions adsorption process using fourier-transform infrared spectroscopy (FTIR) (Tensor e 27. Bruker FTIR mode), in a wave number range of 400e4000 cm À1 under normal conditions, and Scanning electron microscopy (SEM)(a JEOL, JSM-52500 LV SEM, Japan). All the experiments were conducted in the batch mode in various conditions in terms of metal ions initial concentrations of (10e100 mg/l), adsorbent dose (0.1e0.7 g/l), pH (3e8), contacted time (180 min), and temperature (25e80 C).
Adsorption experiments
To study the effect of the initial metal concentration the Adsorption assays were done at various metal ions concentrations (10, 25, 50 and 100 mg/L) by mixing 50 mg of RPG adsorbent with100 mL of the solutions at pH 6. prepared and examined at a constant temperature of 25 C and 50 mg of adsorbent was mixed with 100 mL of a solution of 100 mg metal/L for 180 min.
The reusability of RPG was examined by repeating the adsorption cycle four times with the same adsorbent using 50 mg of the catalyst at pH 6.2 and constant temperature (25 C) for 180 min. After each run, the solid was collected by filtration and washed several times by distilled water to be used in the next run.
Calculations of metal ions removal percentages and adsorption capacity
After specific interval time, during the study of each parameter, the slurry samples were filtered to remove adsorbent and then concentration of the residual metal ions in aqueous solutions was analyzed by atomic absorption spectrometer (Perkin Elmer A Analyst 100, USA). The quantity of metal uptake at equilibrium in mg/ g, Adsorption capacity (q e ), can be calculated using Eq. (1):
Also, Adsorption capacity after time t (q t ), given by Eq. (2):
In addition, the metal ions removal percentages were calculated from Eq. (3):
Where, C o and C e are the initial and equilibrium metal concentrations in the solution (mg/L), respectively. Also, C t is the metal concentration after time t in the solution (mg/L), V is the solution volume (in mL) and m is the adsorbent mass (in mg) [33, 34] .
Adsorption isotherm
The adsorption isotherm models explain mathematically the attitude of adsorbent species between solid and liquid phases. Langmuir, Freundlich and Tempkin isotherm models are used for the elucidation of adsorption of Cd 2þ and Cr 3þ metals by RPG.
The Langmuir isotherm considers monolayer adsorption at active sites of the adsorbent with no interaction between molecules of adsorbed metals. The Langmuir isotherm is described by Eq. (4) [35] :
Where q e is the equilibrium adsorption capacity (mg/g), Q o is the maximum quantity of metal adsorbed on residue algal biomass (RPG) (mg/g), C e is the concentration of the tested metal ions in solution at equilibrium (mg/L) and K L is the Langmuir constant (L/mg).
Freundlich isotherm model assumes multilayer adsorption on heterogeneous surfaces with the association between metal ion molecules. This model equation is written as the following(Eq. (5)) [36] :
Where K F is the adsorbent capacity and n is Freundlich adsorption intensity constant.
The third model is Tempkin isotherm, it characterized by decreasing adsorption heat linearly with coverage and distribution of binding energies regularly [37, 38] . Eq. (6) of Tempkin isotherm can be written as follows:
Where K T (L/mol) is Tempkin binding constant at equilibrium relating to the maximum binding energy; B (RT/b) is constant regarding the adsorption heat and R (8.314 J/mol K) is the gas constant and T (K) is the absolute temperature.
Adsorption kinetics
The kinetic models namely pseudo first order, pseudo-second order, intraparticle diffusion, and simple Elovich models were applied to analyze the behavior of metal ions adsorption and steps that control its rate. ln (q e e q t ) ¼ lnq e e k t (7) where q e is the equilibrium mass of adsorbed metal ions (mg/g), q t is the adsorption quantity at time t (mg/g), k (min
À1
) is the constant of first-order rate. In pseudo first order, the rate of filling of adsorption positions is dependent on the number of free active positions.
Pseudo-second order model
In this model, the adsorption rate was directly proportional to the square of the number of empty positions. The equation of this model can be described by Eq. (8) [42, 43, 44] :
where k 1 is the second-order rate constant.
Intraparticle diffusion kinetic models
The intraparticle diffusion kinetic model assumes that the solubilized ions transport from aqueous solutions to the adsorbent materials then intraparticle diffusion assay takes place [45] . This model equation was given by Eq. (9):
Where, k 2 is the constant of intraparticle diffusion rate and I is the intercept which is corresponding to the boundary layer thickness.
Elovich kinetic model
This kinetic model considers the adsorption of heterogeneous surfaces and it is a special type of second-order kinetics. The Elovich model Eq. (10) is represented as follow [46] :
Where a (mg/min) is the rate of initial adsorption at contact time t ¼ 0 min and b (g/mg) is the extent of surface coverage and activating energy.
Statistical analysis
The adsorption data was a mean of three independent experiments. The regression coefficient (R 2 ) values of Langmuir, Freundlich, Tempkin isotherm, pseudo-firstorder, pseudo-second-order, Intraparticle diffusion, and Elovich kinetic models were determined by using statistical functions of Microsoft Excel, 2007 version.
Results and discussion
Biosorbent characterization
Fourier-transform infrared analysis (FTIR)
The different functional groups on the algal biomass surface that interact with heavy metal ions were indicated by FTIR analysis in two cases (before and after the adsorption process). FTIR spectra for free P. gymnospora residue and P. gymnospora residue loaded with Cd 2þ and Cr 3þ were analyzed ( Fig. 1 ). From these data, a broad band of (OH) group was detected at 3450 cm À1 before adsorption process, but after adsorption broad band of (OH) group were detected at 3470 cm À1 and 3465 cm
À1
with Cd 2þ and Cr 3þ metals ions, respectively. The interaction between adsorbed metals ions and the (OH) groups that present in the surface of the alga residue was responsible for the previous difference in the wave number value [47] . The (NH) of amide group was detected as a strong band at 3280 cm À1 before adsorption and at 3289 cm À1 and 3290 cm À1 after adsorption of Cd 2þ and Cr 3þ , respectively.
The peak at 3137 cm À1 before adsorption process was referred to the presence of C-H bond stretching of methyl and methoxy groups and they were detected at 3150 cm À1 and 3147 cm À1 after adsorption of Cd 2þ and Cr 3þ , respectively [48] . , respectively [30] . The absorbance at 1593 cm À1 before and after adsorption assay corresponded to the bending band of amid group [47] .
Scanning electron microscopy (SEM) characterization
The SEM images of RPG before and after metal adsorption at 2000 Â magnification were illustrated (Fig. 2) . By SEM examination, the morphology of the biosorbents surface before and after metal uptake is visualized. It was found that considerable changes to the morphology of the biosorbents surface were observed. Before Cd 2þ and Cr 3þ uptake, the cells are smooth and have certain dimensions and the surface was characterized by a number of micro and macro pores (Fig 2a and b) . The destruction and swelling of the cells, their surface is developed into puckers and the pores were covered with the adsorbed metal particles after metal adsorption (Fig 2c and d) . These resulted in changes perhaps because of the deposition of metal ions around the cell surface and associate with their functional groups. These changes may be produced during the exposure of the samples to heavy metal solutions; where it takes place the replacement of the metal ions for some of the cations that was initially found in the cell wall matrix and make stronger cross-linking.
Because of the ion-exchange mechanism, the heavy metals fill the ready unoccupied binding sites [50] . 
Optimization of initial metal concentration and contact time
The effect of initial metal concentration and contact time on the removal % and the amounts of adsorbed metal ions using RPG as a green adsorbent was monitored (Figs. 3 and 4). It was deduced that at the initial stage, the adsorption rate was very high during the first 30 min then it decreased till it reached the equilibrium state (Fig. 3) . The rapid adsorption rate at the initial level of the adsorption assay probably refered to a great number of unoccupied adsorption positions existing on the surface of the adsorbent. Afterward a certain time, the empty positions were covered by the adsorbed metal ions and this induced a repulsive force between the adsorbed molecules on the surface of adsorbent and in bulk phase and consequently the adsorption rate decreases [51] (Fig 3a and b) be imputed to the very low driving force of the concentration gradient with the lower initial metal concentration. Thus it was unable to overcome the intraparticle diffusion strength to mass transfer between the solid and liquid phases [52] .
The amounts of adsorbed metals ions increased with the increase in the initial metal concentration (Fig. 3) . This phenomenon may be because of the excess in the driving force of the concentration gradient with the higher initial metal concentration which has the capability to overcome the strength of mass transfer between the solid and liquid phases [52] . The maximum amounts of metals ions adsorbed were found to be 96.46 and 31.52 mg/g for Cd 2þ and Cr 3þ respectively at 100 ppm concentration and temperature of 25 C and pH value of 6.2.
RPG weight effect
The adsorbent quantity utilized in adsorption was essentially significant as indicated by the sorbentesorbate equilibrium in the system and the treatment cost of adsorbent per unit of metal solution. The catalyst weight action on the removal % of Cd 2þ and Cr 3þ was studied (Fig. 5) . The removal % of Cd 2þ and Cr 3þ increase with an increase in catalyst weight from 10 to 50 mg, but then it decreased (Fig. 5 ). This behavior may be owed to the increase in the surface area of the catalyst with increasing the catalyst weight of catalyst [53] . On the other hand, by increasing the catalyst weight from 50 to 70 mg, the removal % decreased because of huge bio-sorbent quantities those causes cell agglomeration and then consequent decrease in intercellular distance.
It also induced 'screen effect' among a dense layer of cells, causing the 'protection' of binding positions from metal ions [54] . The obtained data are in agreement with those of researchers who revealed that the sorbed metal removal % decreases at high concentrations of adsorbent [55, 56] .
Optimization of pH
The initial pH of the aqueous solution commands the metal adsorption capacity because it affected the adsorbent surface and ionization/dissociation of the sorbent molecules [57] .
The effect of the initial pH of the aqueous solution on the removal % of Cd 2þ and Cr 3þ utilizing RPG was studied (Fig. 6 ). The lower adsorption capacity for Cd 2þ
and Cr 3þ at acidic medium was attributed to the protonation assay of the adsorbent surface and the high portability of H 3 O þ ions which compete with the metal ions during the adsorption process [58] . With more and more increase in pH, the concentration of hydrogen ions as competitors was reduced and therefore these resulted in an increase in the adsorption of metal ions by the adsorbents [59] . By increasing the pH of the solution, the number of þve charged free positions was reduced and the number of -ve charged available positions was increase. Thus, the -ve charged adsorbent surface increased þ ve charged metal ions adsorption through electrostatic forces of attraction and ion exchange [60] . The metal removal % increased by pH increases up to pH 5. However, increasing pH to 6.2 led to a decrease in metal ions removal % not only due to the formation of soluble metal hydroxyl complexes (Cadmium ions in form of Cd(OH) 2 , and Chromium ions in the form of Cr(OH) 2 þ ) but also to the ionized nature of the cell wall surface of RPG powder under the studied pH. Generally, the decrease in adsorption of M(II) ions after pH 5 was perhaps as a result of the formation of M(OH) 2 
Optimization of temperature
It is essential to indicate that the biosorption assay is generally not performed at a high temperature as it will increase the operational cost [64] . So we studied the effect of temperature on the adsorption process in order to determine the optimum operating temperature. The metal adsorption was done at various temperatures 25, 40, 60, and 80 C utilizing RPG as an adsorbent. The thermal effect is different for both cations (Fig. 7) . These results refered to the endothermic behavior, which can be explained by the fact that the temperature may favor the agglomeration process for chromium till 60 C, above which the temperature would have negative or no effect on adsorption for Cr 3þ and Cd 2þ respectively.
According to the experimental outcomes, a decrease in the adsorption capacity occurs by an increase in the solution temperature over 60 C (Fig. 7) . This confirms that the technique of adsorption of chromium metal over 60 C was an exothermic assay [65] . Because the reactions of adsorption are usually exothermic, the capacity of biosorption increased with the reduction of temperature. At high temperature, the removal % of Cr 3þ ions decreases and this probably because of destroying of active positions in the RPG. There are several other researchers that have also found the same results [66, 67] . For Cd 2þ metal, there was a slight effect of temperature on the removal % with increasing temperature from 25 to 80 C, in agreement it was indicated that if the maximum limit of metal ions or adsorbate removal was attained by the adsorbent, there will be no effect for increasing the adsorbent dose [68] . Article Nowe01287
Reusability of RPG
For the examination of the RPG reusability, the adsorption cycle was duplicated four times with the same adsorbent (Fig. 8) . The operating conditions were adjusted at 50 mg adsorbent mass, 100 mg/L initial concentrations for the studied metal ions, 100 mL solution volume, 180 min reaction time and pH 6.2. After each run, the solid was 
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collected after filtration and washed several times by distilled water to be used in the second run. The material showed high stability for the studied four runs and achieved high removal percentages for all the studied metal pollutants with a noticeable decrease in the efficiency from cycle 1 to cycle 4. The estimated removal percentages for Cd 2þ ions were 96.2 %, 96.1%, 96.1% and 96 % for cycle 1, cycle 2, cycle 3 and cycle 4, respectively. The recorded removal percentages for chromium ions were decreased to 78.8%, 78.2%, 76.8% and 75.6% with repeating the removal cycles from cycle 1 to cycle 4 in order. This reduction can be attributed to the deposition of metal ions particles on the surface of RPG, which resulted in blockage of adsorbent pores and finally in decrease in adsorption capacity [69] . This results were also confirmed from SEM analysis ( Fig. 2c and d) . The results of the present work show that the generation of RPG can be re-used decreases from cycle 1 to cycle 4 is in agreement with previous studies [69, 70, 71, 72] . These results also show that RPG is an excellent reusable and easily regenerated adsorbent for the removal of both Cd 2þ and Cr 3þ ions from the aqueous environment. 
Adsorption isotherm
To study the applicability of the Langmuir, Freundlich, and Tempkin isotherms for the Cd 2þ and Cr 3þ , metal ions adsorption process at different initial metal ions concentrations, linear plots of C e /q e against C e , log q e against log C e , and q e against Ln C e were designed (Figs. 9, 10 and 11 
Adsorption kinetics
To study the good fitness of the first order, second order, intraparticle diffusion and Elovich kinetic models for metal ions adsorption onto RPG from metal ion solution linear plots of ln (q e e q t ) against t, a, b and R 2 were calculated from the slope and intercept of the plots and are shown in Table 2 .
The linear fit of all kinetic models and the values of R 2 for each graph (Table 2) indicated that the adsorption kinetics of the investigated metal ions onto RPG follow pseudo-second-order model. Also, the values of experimental q e (q e Exp .) values were in agreement with the calculated ones (q e ), resulted from the linear plots of pseudo-second-order model shown in Fig. 13 and Table 2 at all studied initial metal ions concentrations showing that the adsorption of Cd 2þ and Cr 3þ metals on RPG follows the pseudo-second-order kinetic model.
The pseudo-second-order adsorption mechanism predominated and the adsorption process seemed to be controlled by a chemical process involving electrons sharing or exchange between adsorbed Cd 2þ and Cr 3þ metal ions and the biosorbent RPG.
The pseudo-second-order adsorption mechanism occurs in two steps the first one was the external diffusion step which involves Cd 2þ and Cr 3þ molecules movement from the bulk of the solution towards the external surface of RPG. This step was followed by the adsorption of the metal ions molecules on the surface of RPG adsorbent and chemically bonded to its surface. FTIR data show the presence of functional groups which had the ability to make chemical bonds with heavy metals. That also can be considered as another prove for adsorption mechanism. Morever, it was found that the pseudo-second-order rate constant (k) value was decreased with an increase in the initial concentration of the investigated metal ions. Similar kinetics was also observed in many literatures [53, 73, 74, 75] .
Comparison of adsorption capability of RPG with other adsorbents
A comparison between the adsorption capacities (q m ) values of different adsorbents reported in the literature and that of RPG for adsorption of Cd 2þ and Cr 3þ ions (Table 3) . It may be shown that q m values differ widely for different adsorbents and Cr 3þ ions from aqueous solutions.
Conclusions
According to the experimental results, residue of Padina gymnospora (RPG), after extraction of most of its components by 70% methanol has been evaluated as a promising efficient adsorbent for the elimination of Cd 2þ and Cr 3þ from wastewater.
Various parameters such as initial metal concentration, contact time, adsorbent dosage, temperature, pH and the RPG reusability were studied to demonstrate the potential use of RPG. This study shows that the RPG has higher metal uptake per- Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.
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